Abstract-The growth mechanism of metal-induced-lateral-crystallization (MILC) was studied and modeled. Based on the time evolution of the metal impurity in the amorphous silicon film being crystallized, a model has been developed to predict the growth rate and the final metal distribution in the crystallized polysilicon. The model prediction has been compared with experimental results and high prediction accuracy is demonstrated. Using the model, the effects of annealing temperature, annealing time and initial metal concentration on the final grain size and metal impurity distribution can be analyzed. As a result, the model can be used to optimize the grain growth conditions for fabricating high performance thin-film-transistors on the recrystallized polysilicon film.
I. INTRODUCTION
T HE application of metal-induced-lateral-crystallization (MILC) using nickel has recently been shown to be an effective method for synthesizing large grain size polysilicon that can be used to fabricate high quality thin-film transistor (TFT) [1] - [3] . The final performance of the fabricated TFT, however, strongly depends on the size and structure of the grain in the recrystallized polysilicon film as well as the final distribution of nickel atoms [4] . With different combinations of grain structure and the TFT size, the amount and orientation of grain boundaries in the active area of the transistors vary [5] , [6] . These grain boundaries cause a gentler turn on and lower carrier drift mobility in the TFT operation [7] . On the other hand, low resistivity can be obtained by adding nickel impurity into silicon layer [8] . The distribution of nickel atoms may result in some high metal concentration paths that cause high leakage current. Therefore, the study of grain structure and metal concentration of the final polysilicon film obtained from the MILC process is very important to predict the resulting TFT performance.
As far as the MILC process is concerned, there is no simple reported method to predict the resulting polysilicon film quality. Mass spectrum analysis, such as secondary ion mass spectrometry (SIMS), has been the most widely used method to extract the metal impurity distribution after the MILC process, which at the same time provides useful information about the grain structure. But this method is a post-fabrication measurement that cannot be used to optimize the MILC process [9] . In this paper, the grain growth mechanism in the MILC process is studied. A model has been developed to predict the MILC growth rate, polysilicon grain size and final metal impurity distribution. The influence of various process parameters such as annealing temperature and annealing time are incorporated in the model which can be used to optimize the MILC process between MILC rate and crystal quality. Comparison of the model prediction with observed experimental results will also be given and discussed.
II. MECHANISM OF MILC
In the MILC process, a layer of amorphous silicon (a-Si) is first deposited on top of an insulator, usually silicon dioxide or glass. This layer of a-Si is protected by a layer of passivation oxide except at some windows where nickel is allowed to contact the a-Si to initiate the metal diffusion for MILC. The entire amorphous with nickel is usually annealed at a temperature between 550 C and 625 C. During this MILC annealing, nickel deposited onto the seed window first reacts with silicon to form a thin nickel silicide film. This silicide layer reduces the activation energy for a-Si crystallization. Thus, a-Si under the silicide is thermally crystallized into polysilicon before other part of the a-Si, and this is called the initial nucleation of crystalline Si on nickel silicide [10] . As this polysilicon is formed by a direct metal induced method, it is also referred as metal-induced-crystallization (MIC) polysilicon. The grain size of MIC polysilicon is bigger than that of conventional SPC polysilicon, but comparatively smaller than that of MILC polysilicon [11] . There are many grain boundaries inside the MIC polysilicon layer [11] and these grain boundaries provide good locations for trapping the metal atoms. Due to the fast nickel diffusion in crystalline silicon structure and good nickel trapping property at the crystalline silicon to a-Si interface [10] , most of nickel atoms in the MIC region diffuse to and are trapped at the grain boundaries. The trapped metal atoms react with silicon atoms to form thin layers of nickel silicide at the grain boundaries. At the MIC to a-Si interface, the nickel silicide boundaries exist as a continuous sandwich layer between MIC polysilicon and a-Si as illustrated in Fig.1 (a) is a reactive layer which will be responsible for the grain growth, so it is called nickel silicide reactive grain boundary (RGB). The nickel silicide RGB propagates toward the a-Si region during MILC annealing, and a-Si will then be crystallized. The formation of nickel silicide at the grain boundary between the MILC front and a-Si have been shown in some previous papers [4] , [12] and a high nickel concentration was observed at the MILC front by SIMS analysis [9] . These give evidences of nickel trapping at the MILC to a-Si boundary. The size of the nickel silicide was around 0.5 m [12] and this value was used in the model.
The nickel concentration at the RGB is higher than the neighboring a-Si. Continuous annealing after MIC leads metal atom diffusion to the a-Si layer in lateral directions. Once the nickel atoms are pushed toward the a-Si region, those atoms repair the intrinsic traps and form a new nickel silicide RGB. The nickel atoms lower the activation energy of a-Si crystallization and construct the silicon atoms into a crystalline structure. Since the nickel diffusion in crystalline silicon region is relatively faster, the nickel atoms in the polysilicon region then diffuse to the new silicon grain boundary quickly [10] . This increases the nickel concentration at the RGB and subsequently pushes the nickel atoms to the a-Si again and again. As a result, the a-Si is crystallized to polysilicon in the lateral direction, and this polysilicon is called metal-induced-lateral-crystallization (MILC) polysilicon. As the MILC formation is led by the propagation of the nickel silicide RGB, the MILC polysilicon grains grow along the direction of nickel diffusion. Fig. 2 illustrates the silicon crystallization process during the MILC annealing. The mechanism described does not only explain the polysilicon growth of MILC, but also help to explain the epitaxial silicon growth mechanism by nickel silicide layer propagation from crystalline silicon toward a-Si (refer to Fig. 3 ) proposed by other researches, such as [10] . It tells us why the nickel silicide absorbs silicon atoms from the a-Si region and rejects the excess Si atoms to the crystalline silicon area during epitaxial silicon growth.
A microscope photo of MILC polysilicon is shown in Fig.4 (a). The MILC polysilicon grains are long and narrow, and in Fig.4 (b) , the TED photo shows that the MILC polysilicon grain is crystallized with grain orientation (110). The length of the polysilicon depends on the MILC conditions and can go up to more than 100 m. The width of the MILC polysilicon is mainly affected by the size of the MIC polysilicon seed. Since the size of the MIC polysilicon is very small, the width of the MILC polysilicon is also limited to a few microns only.
III. MODELING OF MILC GROWTH

A. MILC Growth Rate
The grain structure and final metal distribution profile is mainly controlled by two factors. One of them is the MILC growth rate that is characterized by (1) [13] MILC Growth Rate (1) where and are the MILC growth coefficient and the activation energy for crystallization in the presence of metal impurity respectively. The MILC growth rate does not only depend on the annealing temperature , but is also affected by the nickel concentration in the silicon layer. As mentioned before, the MILC growth is resulted by two mechanisms; nickel silicide RGB absorbs silicon atoms from a-Si region and it releases silicon atoms to crystalline silicon region. So the MILC growth rate also depends on the rates of these two mechanisms. At the front-side of the RGB region, nickel atoms react with silicon atoms to form nickel silicide as shown in (2) . The presence of abundant nickel atoms increases the rate of the forward 
The silicon atoms, however, are dissociated from the RGB backside interface and enter the MILC polysilicon region. The cor- responding reaction is shown in (3) . As the nickel concentration increases, the rate of the backward reaction of (3) also increases. This retards the entire MILC growth mechanism Nickel Silicide Nickel Silicon (3) To conclude the above two phenomena, the rate coefficient should be directly proportional to the nickel concentration at the RGB front-side and inversely proportional to the nickel concentration at the RGB backside. As a result, (1) should be modified as MILC Growth Rate (4) The above growth rate equation, (4) , assumes that the properties and states of the a-Si do not change during the entire annealing process. However, solid-phase-crystallization (SPC) also occurs throughout the entire film that converts the a-Si to polysilicon, regardless of the presence of metal impurity. The SPC rate is usually very slow at low temperature and the SPC effect can be ignored at a temperature below 600 C. When a high MILC annealing temperature C is applied to speed up the MILC process, the SPC process becomes significant and the MILC growth rate is retarded. The growth of nano-structure of the a-Si to polysilicon exists as a counter-effect to MILC growth. To incorporate this effect in some intermediate and high temperature processing, the activation energy of a-Si crystallization is no longer a constant. A larger SPC growth rate results higher activation energy of a-Si crystallization as (5) where and are the growth coefficient and the activation energy for SPC process, respectively. The net MILC growth rate is then obtained by combining (4) and (5) as MILC Growth Rate (6) It should known that and are some process dependent parameters which depend on the nature, properties, geometries and dimensions of the a-Si layer, whereas and are activation energies dependent on silicon crystallization mechanism.
B. Nickel Diffusion in the Silicon Layer
Metal diffusion is another important mechanism that affects the final silicon film quality after recrystallization. In particular, the diffusion of nickel in amorphous and polycrystalline silicon is modeled in this paper due to its popular use as a recrystallization agent. The formulation starts with the diffusivity of nickel given by Diffusivity of Nickel (7) where is the diffusion coefficient and is the activation energy of diffusion [14] . During the MILC process, the silicon layer can be divided into four regions. They are MIC, MILC, nickel silicide RGB, and a-Si regions. Different region has its own nickel diffusivity. Let , , and be the nickel diffusion coefficients of MIC, MILC, nickel silicide RGB, and a-Si regions, respectively. , , ,
the corresponding diffusion coefficients and activation energies. We then have Assuming the nickel diffusion profile obeys the Gaussian distribution in each region. The nickel concentration due to diffusion from a source at a point in a homogenous material, , can be computed by the diffusion equation (8) [15] Thus, the nickel concentrations at a point in different silicon regions are given by
The total nickel concentration at a particular point are the diffusion results from all the regions simultaneously which follows the law of superposition. As a result, the nickel concentration in point at time is given by (10) In the real situation, there is an interface layer existed between two adjacent regions, say MIC region to MILC region interface, the diffusivity of the silicon layer would not change from to discontinuously. The nickel diffusivities of the interface regions , and can be computed by interpolations of to , to , and to respectively. And the mid-point value of , and are equal to , and respectively. Thus, the (10) should be modified to (11) where , , and can defined by (12a)-(12c), shown at the bottom of the page.
The above equation can be evaluated by numerical integration. The accuracy of the numerical integration depends on the choice of and . The silicon region used in our modeling was up to 100 m, so we chosen sub-region to be 0.1 m which is 0.1% of the whole silicon region and similar to the precision of SIMS analysis. For , as a larger diffusivity need a smaller to provide the same accuracy level, so we commonly used to determine the value of . is a common constant. For 530 C case, we used min. Then, m was determined. The corresponding chosen for each annealing temperature is shown in Table I . As the atomic structure of silicon is converted from amorphous state to crystalline state in the MILC process, the diffusion mechanism is also altered. In the crystalline silicon, previous study has found that nickel diffuses interstitially and the activation energy of nickel diffusion is 0.47 eV [16] , whereas the activation energy of nickel diffusion in a-Si is 1.3 eV [17] . In the MILC region, the structure of a single MILC crystalline silicon grain is almost boundary free. The nickel diffusion mechanism is similar to that in ordinary crystalline silicon. As the activation energy of nickel diffusion is a diffusion mechanism dependent term, it is believed that the activation energy of nickel diffusion in MILC silicon grain also equals to 0.47 eV. However, mini-defects presented inside the MILC crystalline silicon degrade the nickel TABLE I  TIME INTERVAL USED IN THE MODELING  AT DIFFERENT ANNEALING TEMPERATURE diffusion efficiency and the diffusion coefficient was found to be m s only. In the MIC region, most of nickel atoms reacted with silicon atoms to form nickel silicide and have been trapped at the MIC intergrain boundaries by strong covalent bonds. Large activation energy is required to break these bonds before the nickel atoms can diffuse to other part of the silicon film. The activation energy of nickel diffusion is found to be 1.16 eV, and the corresponding diffusion coefficient is m s . Since the MILC region is a small grain polysilicon area, its activation energy of nickel diffusion is between the energy value in crystallized silicon (0.47 eV) and that in a-Si (1.3 eV). The nickel silicide RGB, which is a region between the MILC polysilicon and a-Si regions, has trapped many nickel atoms as well. This boundary region is where the a-Si crystallization takes place. The nickel concentration at the nickel silicide RGB is one order lower than that in the MIC area and the nickel diffusion coefficient is found to be m s . In the a-Si region, the activation energy of nickel diffusion and the diffusion coefficient used were 1.3 eV and m s , respectively.
IV. SIMULATION RESULTS AND DISCUSSIONS
A. MILC Growth Rate
The parameters , , and appeared in (4) and (6) are strongly process dependent, but they are not completely free for tuning. In the previous researches, the activation energy of SPC was found in the range from 2.85 eV to 3.45 eV [6] , [18] , [19] . Since is a factor came from SPC effect of
a-Si, actually is the activation energy of SPC and it should be lie on the value between 2.85 eV and 3.45 eV. For the activation energy of MILC , many researches [6] , [12] have proven that presence of nickel impurity would reduce the activation energy of a-Si crystallization. So the value of should be less than the activation energy of SPC. Fig. 5 shows the MILC growth rate against 1/kT. Using the simple MILC growth rate model given in (1) and assuming the growth rate coefficient to be a fixed constant, we were able to fit the experimental result well at low temperature with and taken to be ms and 2.47 eV, respectively. At high temperature, the experimental results started to deviate from the simple model, where the simple model over estimated the MILC rate. This discrepancy was due to the effect of SPC which became more important in high temperature annealing as discussed before. To correct for this, the SPC retardation effect was included in the MILC growth mechanism as given by (6) . It was found that , , and were 2.57 eV, 3.12 eV, m and respectively. The value of was consistent with the activation energy of SPC shown in the [18] and the value of was 0.55 eV less than that of . These findings agreed to our criteria described above and further showed the reliability of our model. When a higher annealing temperature was employed, the SPC effect became dominant and a larger SPC factor value, , was obtained. This increased the activation energy of MILC and reduced the growth rate of MILC region. Conversely, the SPC factor became very small at low annealing temperature. From (6), we could even observe that the SPC factor came to zero and equals to as the annealing temperature tended to zero. Thus, the MILC growth equation returned to the simple growth rate (4). Using the new growth rate (6), the slow down of MILC process at high temperature could be accurately modeled as shown in Fig. 5 . The model accurately predicted the effect of the lowering of recrystallization activation energy due to the presence of metal impurity, which was responsible for the high growth rate in the MILC process.
B. Nickel Distribution
The MILC process is also strongly influenced by a phenomenon of nickel diffusion. The simulated nickel profile at some time after the start of the MILC process is shown in Fig. 6 and the atomic percentages of nickel in different silicon regions are summarized in Table II . Two nickel peaks could be observed in the overall nickel concentration profile and the prediction results agreed well with the experimental calibration by SIMS analysis and that of Wang et al. [9] . The first peak appeared in the MIC polysilicon region where most of nickel atoms were trapped at the grain boundaries and reacted with silicon atoms to form a layer of nickel silicide. The second peak indicated the position of the nickel silicide RGB between the MILC crystalline region and the a-Si region. As shown in Fig. 6 , the high concentration nickel front was responsible for the crystallization of the a-Si film in the MILC process. The high nickel concentration could be explained by nickel atom trapping and nickel silicide formation at the propagation front of the RGB. The area between these two peaks represented the MILC polysilicon region for device fabrication, and it also told us the approximated size or length of the MILC polysilicon grains. As the nickel diffusion rate in crys- talline silicon was very fast, the nickel atoms left inside the grain of the MILC polysilicon region continued to diffuse to the grain boundaries quickly. This gave a much lower (by more than an order of magnitude) nickel concentration in the MILC polysil- The modeling results were well-matched with the experimental results obtained by SIMS analysis. It is believed that this modeling technique can be used to figure out the nickel concentration in each silicon region before any fabrication process. icon region compared with that at the nickel silicide RGB. The lowest nickel concentration was shown in the a-Si region. It was because most of nickel atoms had been trapped and bonded with silicon atoms at the nickel silicide RGB, and only a very small amount of the nickel atoms were able to overcome the trapping energy and diffuse deeply to the a-Si region. Fig. 7 shows the effects of annealing temperature on the nickel distribution. When the MILC annealing temperature increased, the length of MILC region increased as well. At high temperature, it was relatively easier to overcome the trapping energy and the nickel diffusion at the nickel silicide RGB increased. As a result, a comparatively higher MILC growth rate could be observed. In addition, the nickel concentration in the MIC and RGB regions decreased with higher MILC annealing temperature as a result of the faster diffusion to the MILC and a-Si regions. The time evolution of the MILC process at 575 C is shown in Fig. 8 . Initially, the reactive nickel silicide front was generated from the MIC region and was gradually moving toward the a-Si region and was creating the MILC region along the way in the MILC annealing process. After 2 h annealing, the MILC growth rates became almost constant, which was consistent with the observed experimental results. As the annealing process continued, the nickel concentration in the MILC region remained more or less invariant despite the longer annealing time. This result indicated that the final nickel concentration in the MILC region mainly depended on the nickel diffusivity as well as the annealing temperature, but not the annealing time.
As it was predicted from our model and confirmed by experimental results, most of the nickel atoms were trapped in the MIC and nickel silicide RGB in the MILC process. The nickel concentrations in the MILC and a-Si regions remained low. From the model, the amount of nickel atoms left inside the MILC region mainly depended on the annealing temperature, but not the annealing time. An annealing process with a lower temperature could lead to smaller amount of nickel atoms trapped in the MILC silicon grain. This information can be used to provide a guideline to optimize the grain structure, nickel concentration in the MILC region and MILC annealing time in TFT fabrication.
V. CONCLUSION
A new model to predict the MILC growth rate and metal impurity distribution has been proposed in this paper. The model has been validated by experimental data from SIMS analysis. The MILC growth rate was controlled by the relative strength of metal assisted crystallization and the solid phase epitaxy of amorphous. During the MILC process, the a-Si film could be distinguished into four different regions, namely the MIC, MILC, nickel silicide RGB and a-Si regions. Most of nickel atoms were trapped in the MIC and the nickel silicide RGB while the nickel concentration in the MILC and a-Si region remained low. The final nickel concentration in the MILC region mainly depended on the annealing temperature, but was insensitive to the annealing time. Therefore, it is believed that a low annealing temperature is desirable to form good quality MILC film with lower nickel concentration, in the expense of longer annealing time to achieve the same grain size in the MILC region.
